r Physical inactivity, which drastically increases with advancing age, is associated with numerous chronic diseases.
Introduction
Physical inactivity has reached pandemic levels in the USA and rest of the developed world. Strong evidence shows that physical inactivity is associated with 35 chronic diseases, including major non-communicable diseases, such as type 2 diabetes and coronary heart disease, as well as premature mortality . Strikingly, the World Health Organization has declared physical inactivity as the fourth leading risk factor for death worldwide, being responsible for ß6% of the deaths worldwide in 2008 (Organization, 2010; Lee et al. 2012 ).
Several studies demonstrate that physical activity levels first fall at young ages. Troiano et al. (2008) reported a ß34% decline in physical activity between 6-11 and 12-17 years of age. A similar report observed a 40% decline in time spent performing moderate-vigorous physical activity in grade school children (Trost et al. 2002) . In one analysis of 3700 US youths from the age of 6 to 11 years old, the minutes of physical activity in girls and boys dropped by ß67% and 60%, respectively (Wolff-Hughes et al. 2014) . Taken together, these reports show that by ß9-11 years of age, 50% of US youths are not undertaking sufficient daily physical activities for health according to US Physical Activity Guidelines.
Findings from rodent studies provide similar results. Jakubczak (1969) demonstrated that declines in free wheel running activity begin early in the life of rats (66 days of age). In addition, our laboratory has shown voluntary wheel running initially declines at ß8 weeks of age (Ruegsegger et al. 2016) . Interestingly, increases in age are associated with declining levels of physical activity in Caenorhabditis elegans (Herndon et al. 2002; Kirkwood & Finch, 2002) , flies (Marden et al. 2003) and dogs (Siwak et al. 2003) , suggesting that the decrease in physical activity with ageing is fundamental to many species. Thus, it is imperative to understand the neuromolecular mechanisms that control the maturation-associated decline in physical activity motivation.
Studies in animals and humans estimate the genetic component for physical inactivity to be between 20% and 80% (Festing, 1977; Kaprio et al. 1981; Lauderdale et al. 1997; Lerman et al. 2002; Lightfoot et al. 2004; Lightfoot et al. 2008) and analysis from twins suggests that 31% of sedentary behaviour is heritable (den Hoed et al. 2013) .
Substantial evidence suggests the mesolimbic dopaminergic pathway, specifically the nucleus accumbens (NAc), plays a significant role in determining voluntary running behaviour (Knab et al. 2009; Knab & Lightfoot, 2010; Knab et al. 2012) . Subsequent to its characterization as the neural interface between the limbic 'motivation' and motor systems (Mogenson et al. 1980) , the NAc, as well as its associated circuitry, has been shown to mediate many motivating and rewarding behaviours. Furthermore, a loss of dopaminergic action has been postulated to drive age-related declines in physical activity in humans (Ingram, 2000) .
In the present study, we aimed to examine the NAc transcriptome of wheel running rats at 8 and 14 weeks of age to identify the transcripts associated with the initial age-related decline in voluntary physical activity. This 'omics' approach was used to generate testable hypotheses by which possible NAc features may be contributing to running motivation. Based on RNA-sequencing (RNA-seq) and bioinformatics analysis suggesting that NAc neuronal function decreases from 8 to 14 weeks, follow-up studies in sedentary and wheel running rats were conducted to test this hypothesis. Additionally, in light of our RNA-seq and initial follow-up experiments, the Cdk5 inhibitor roscovitine was infused into the NAc to assess the role that it may play in determining wheel running motivation.
Methods

Experimental animals
All animal protocols were approved by the Institutional Animal Care and Use Committee at the University of Missouri and complied with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals. The investigators understand the ethical principles under which the Journal of Physiology operates and the work presented complies with the animal ethics checklist. Female, Wistar rats were used in this study (Charles River, Raleigh, NC, USA). Thus, a limitation of the present study is the inability to analyse sex differences. We employed female rats because females usually run further than males (Pitts, 1984; Jones et al. 1990) . Further rationale for the use of female rats is their body mass plateau, minimizing the effect of continued body growth in male rats, and our use of female rats balances the predominance of literature utilizing male rats.
Rats were maintained under a 12:12 h light/dark cycle at 21-22°C, with food (Formulab Diet 5008, Purina) and water provided ad libitum throughout all experiments.
Experiment 1: Analysis of voluntary running behaviour
Female, Wistar rats were weaned at 21 days of age, and were provided with access to a voluntary-running wheel beginning at 5 weeks of age (circumference of 1.062 m) (Tecniplast 2154; Tecniplast, Buguggiate, Italy), and running distance and time were monitored using Sigma Sport BC 800 bicycle computers (Cherry Creek Cyclery, Foster Falls, VA, USA). Evidence from our laboratory suggested that voluntary wheel running peaks at 8 weeks of age (Ruegsegger et al. 2016) . Therefore, to assess the hypothesized neuromolecular-reshaping that may regulate the decrease in wheel running behaviour at this age, we killed rats at either: (i) 8 weeks of age (8 weeks; n = 7) or (ii) 14 weeks of age (14 weeks; n = 5). We selected 14 weeks of age, after we noted a significant drop in running distance at 12 weeks of age. NAc samples from these rats were submitted for RNA-seq and protein analysis. Given that rats in the 14-week-old group ran for 6 weeks more than rats in the 8-week-old group, it is just as probable that differences between 8 and 14 weeks are a result of duration-dependent effects of chronic exercise rather than age or nightly running distance. However, our objective was to associate molecular differences at the time when wheel running first declines during the life course; thus, approaches to match exercise duration were not feasible. As a result of financial limitations and because our primary objective was to identify mRNAs associated with changes in wheel running behaviour, we could only perform RNA-seq on wheel running rats. Additionally, separate groups of sedentary rats were killed at 8 weeks (n = 8) and 14 weeks (n = 8) to assess mRNA and protein levels in target molecules identified by RNA-seq independent of voluntary wheel running. Thus, a limitation of the present study is that data for many comparisons were obtained from different methods and thus are not statistically compared.
At each experimental time point, rats were killed between 17.00 and 19.00 h, which is up to 2 h prior to the dark cycle, with carbon dioxide asphyxiation. This point of death was chosen as a basal observational time-point to avoid acute running-induced differences in mRNA expression that probably exist upon the onset of the dark cycle. Similarly, an interesting characteristic of females is the presence of the 4-day oestrous cycle influencing voluntary running distance, with peak running in the 4-day running rhythm occurring at pro-oestrus (Anantharaman-Barr & Decombaz, 1989) . Therefore, to minimize the effects of cycling hormones, rats were killed on the night of pro-oestrus as determined by the peak running night in the 4-day running rhythm or vaginal cytology.
NAc RNA isolation and cDNA library preparation for RNA-seq At the time of death, brains were quickly removed and NAc tissue was extracted using a 2 mm punch tool and brain sectioning apparatus (Braintree Scientific, Braintree, MA, USA). Tissue plugs from 2 mm thick coronal brain slices, which were identified as NAc per a rat brain atlas (Paxinos & Watson, 1998) , were stored at −80°C until processing. An objective of the present study was to compare the RNA-seq results with a previous RNA-seq experiment analysing the NAc of rats selectively bred for high and low motivation for wheel running (Roberts et al. 2014) , which analysed both the NAc shell and core. Thus, a limitation of our RNA-seq data is the lack of an explicit distinction between the NAc shell and core. During tissue processing, samples were lysed in NucleoSpin XS lysis (Macherey-Nagel, Bethlehem, PA, USA) buffer using a high-speed shaking apparatus (Tissuelyser, LT; Quiagen, Valencia, CA, USA) with RNase-free stainless steel beads. RNA was subsequently extracted using the NucleoSpin XS RNA extraction kit in accordance with the manufacturer's instructions (Macherey-Nagel, Bethlehem, PA, USA). RNA was eluted in 40 μl of RNase-free water. The integrity of each sample was confirmed using BioAnalyzer 2100 automated electrophoresis system (Bio-Rad, Hercules, CA, USA) prior to cDNA library construction.
cDNA library preparation was performed at the University of Missouri DNA Core in accordance with the manufacturer's instructions and reagents supplied in the TruSeq RNA sample preparation kit v2 (Illumina, Inc., San Diego, CA, USA), as described previously (Roberts et al. 2014) .
Illumina sequencing and statistical analysis of RNA-seq data
The University of Missouri DNA Core performed all RNA-seq procedures, as described in detail elsewhere (Rustemeyer et al. 2011) . Briefly, following cDNA library construction, samples were loaded into flow cells where clusters of each oligo were replicated. Following this procedure, flow cells were placed in the sequencer J Physiol 595.1 and fluorescence labelled bases were attached to the complementary bases of each sequence. The Illumina Genome Analyzer recorded 50 bp reads. Reads were trimmed to ensure adaptor sequence removal and tiled to a custom reference library that had been modified and updated from the publically available rattus norvigecus NCBI library (Roberts et al. 2014 ) using NextGENe, version 2.4.1 (SoftGenetics, State College, PA, USA).
mRNA expression patterns were analysed for annotated genes using reads per kilobase per million mapped reads (RPKM) values. To examine mRNA expression, differences associated with the decreased wheel running behaviour, our analysis compared the transcriptomes of 8-and 14-week-old wheel running rats. Data processing and statistical analyses were performed using Excel, version 2013 (Microsoft Corp., Redmond, WA, USA). We implemented the following filters based on previous studies Song et al. 2012; Zhang et al. 2012; Roberts et al. 2013) : unique mRNA sequences with counts per million reads minus 2 SD > 0, RPKM >1, fold-change value of > ±1.2-fold, and a false discovery rate <0.05. Additionally, mRNAs input into bioinformatics software had a Student's t test (P < 0.05). Although a ±1.2-fold cut-off may be considered liberal compared to other recent RNA-seq publications, which have used a 1.5-2.0 fold-change cut-off Song et al. 2012; Zhang et al. 2012) , we contend that subtle mRNA differences within the NAc of 8-and 14-week-old rats exist given that (i) our model is a physiological, polygenic, in vivo model whereby rats are being observed in an unperturbed state and (ii) only 67 and three transcripts differed between groups at ±1.5 and ±2.0-fold change thresholds, respectively. An overview of our filtering process is shown in Fig. 1A .
Our approach in the present study was to identify differentially expressed transcripts at time points that were at and after the observed peak lifetime, nightly voluntary wheel running distance, aiming to determine initial transcriptomic changes that may contribute to decreases in running phenotype during the early life course. Therefore, all transcripts were correlated with running distance to further explore whether a given gene was associated with running behaviour (r > ±0.70). Although correlation does not represent causation, a high correlation between the expression of a transcript and running distance could signify: (i) the transcript of interest being a contributor to running motivation or (ii) the transcript of interest being altered by attenuated running volumes, with such indications warranting future interrogation.
Bioinformatics analysis of RNA-seq data
Ingenuity Pathway Analysis (IPA; Ingenuity Systems Inc., Redwood, CA, USA) was used to examine gene networks and physiological system functions in the NAc that differed between 8-and 14-week-old wheel running rats. In addition, the Gene Ontology (GO) Consortium database (http://www.geneontology.org) was used to examine biological, cellular, and molecular functions differing between the 8-and 14-week-old wheel running rats.
qRT-PCR for RNA-seq validation and follow-up analysis in sedentary rats Gene primers were constructed using PrimerExpress, version 3.0 (Applied Biosystems) and efficiency curves were produced for all primers. Primer efficiencies ranged between 90% and 110% for all genes. Twenty-five nanograms of cDNA from each sample were assayed in duplicate for each of the target genes shown in Table 1 using SYBR Green Mastermix (Applied Biosystems, Carlsbad, CA, USA). mRNA expression values were quantified using the 2 Ct method, whereby CT = 18S Ct-gene of interest Ct.
Western blotting confirmation of RNA-seq targets up-regulated in 8-vs. 14-week-old rats From the same rats in which samples were submitted for RNA-seq (n = 5-7 per group), and age-matched sedentary rats (n = 8 per group), ß5-10 mg of NAc tissue was homogenized on ice in RIPA buffer [50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 1% SDS, 1 × protease inhibitor cocktail] using a Tissuelyser at 25 Hz for 1 min. The homogenate was centrifuged at 12,000 g for 10 min and the resultant supernatant was obtained. The BCA assay (Pierce Biotechnology, Rockford, IL) was used to determine protein concentrations. Next, 20 μg of protein in loading buffer was loaded onto 10 or 18% SDS-PAGE gels. Proteins were transferred onto nitrocellulose membranes and incubated with Ponceau S (Sigma, St Louis, MO, USA) to confirm equal loading in all lanes. Primary antibodies [rabbit polyclonal for Cadm4 (dilution 1:1000; Abcam, Cambridge, MA, USA), p39 (dilution 1:1000; Cell Signaling Technology, Beverly, MA, USA), p35/25 (dlution 1:1000; Cell Signaling), and dopamine-and cAMP-regulated neuronal phosphoprotein of 32 kDa (Darpp-32) (dilution 1:1000; Cell Signaling)] were diluted in Tris-buffered saline with Tween 20 (TBST) with 5% BSA and applied to membranes overnight at 4°C. HRP-conjugated secondary antibody (dilution 1:1000; Cell Signaling) was then applied to membranes for 1 h at room temperature in TBST with 5% non-fat milk. Prior to exposure, ECL substrate (Pierce Biotechnology, Rockford, IL, USA) was applied for 2 min. A Kodak 4000R Imager and Molecular Imagery Software (Kodak Molecular Imaging Systems, New Haven, CT, USA) were used to obtain band densitometry.
Golgi staining for medium spiny neuron (MSN) dendritic spine determination
For rapid Golgi staining, 8-and 14-week-old sedentary and wheel running rats (n = 6 per group) were killed using carbon dioxide asphyxiation and brains were rapidly removed from the skull and briefly rinsed in distilled water. Golgi staining was performed using the FD rapid GolgiStain kit (FD NeuroTechnologies, Inc., Columbia, MD, USA) in accordance with the manufacturer's instructions. Coronal sections (200 μm) were cut with a vibrotome (Vibratome 3000; Vibratome Company Inc., St Louis, MO, USA). Slices were mounted on 3% gelatin-coated microscope slides (Fisher Scientific Co., Pittsburgh, PA, USA). Spine density was assessed on 10-12 dendritic segments (sampled from the entire medial NAc shell and similar rostrocaudal levels of the NAc core) per rat, sampled equally between hemispheres, resulting in the analysis of 70-72 segments per treatment condition. These dendritic segments were collected from two to three neurons per hemisphere. We restricted our study to dendritic segments of second-order branches, and spine density was assessed by manual labelling spines ß50 μm from the soma. Spine density was counted along the entire length of the branch and the results were expressed as spine/10 μm. Mean spine numbers per dendritic length were calculated from measurements on two-dimensional digital images, and thus probably represent underestimates. Distinct spine morphologies were manually scored as thin, stubby or mushroom types on dendrite segments as defined previously (Peters & Kaiserman-Abramof, 1970) . For counting, images were coded and counted by a blinded individual. Sections were visualized using a BX60 photomicroscope (Olympus, Melville, NY, USA) at an overall magnification of 1000× and photographed with a Spot Insight digital camera (Diagnostic Instruments, Sterling Heights, MI, USA). ImageJ Fiji software (National Institutes of Health, Bethesda, MD, USA) was used to assess dendritic spine density.
Experiment 2: Follow-up intra-accumbens cannula injection
Based upon the results of the Experiment 1, an additional set of female, Wistar rats were used to determine whether intra-accumbens injection of the Cdk5 inhibitor roscovitine (APExBIO, Houston, TX, USA) influences voluntary running behaviour. Rats were weaned at 21 days of age, and provided access to voluntary running wheels beginning at 10 weeks of age. After acclimating to the running wheels, brain cannula were surgically inserted at 13 weeks of age, and injections began at ß14 weeks of age. This age was chosen based on preliminary data suggesting running behaviour is level between 14 and 18 weeks of age (data not shown), allowing for a 'cleaner' experimental interpretation free of natural age-related declines in voluntary running. Additionally, although the results from Experiment 1 suggest that mRNAs and proteins central to Cdk5 function decrease from 8 to 14 weeks, expression levels are still robust at 14-15 weeks, allowing for pharmacological inhibition of Cdk5 effects on running to be determined.
Surgery and injection protocol
On the day of the surgery, animals (250-275 g) were anaesthetized with an I.P. injection of a ketamine (87 mg kg −1 ) and xylazine (13 mg kg −1 ) mixture. The surgical procedures used have been described previously Ruegsegger et al. 2015) . Briefly, 10 mm, 23 gauge guide cannulae were bilaterally positioned 2.5 mm above the NAc core using the coordinates (in mm relative to Bregma): anteroposterior 1.30, mediolateral ±1.85 mm and dorsoventral -4.63 mm (Whishaw et al. 1977) . We chose to target the NAc core given previous findings suggesting that the core (and not shell) is associated with wheel running behaviour (Werme et al. 2002) . Following surgery, animals were warmed on a 32°C heating pad for 2 h and topical Neosporin was applied around the surgical area. Following recovery from surgery, rats were placed back into their home cages with running wheels and monitored for 7 days to ensure that running patterns returned to pre-surgical values. Note that the running pattern of each rat was monitored prior to surgery to determine a voluntary running periodicity and to establish anticipated high running nights for drug injections.
The injection protocol is shown in Fig. 2A . Because of the cyclic effects of the oestrous cycle on running behaviour, we chose to take measurements during the night of pro-oestrus, which is the night of peak running distance (Anantharaman-Barr & Decombaz, 1989) . At around 1 week after NAc core cannulation, bilateral intra-NAc infusion of 0.5 μl of vehicle (PBS/50% DMSO) was performed to acclimatize rats to the injection protocol. An additional vehicle injection was performed 4 days later. This injection served as a baseline for all rats. Four days after baseline injection, rats were bilaterally injected with either vehicle (n = 8), or roscovitine: 40 nmol/0.5 μl (n = 8) or 80 nmol/0.5 μl (n = 9). Drug concentrations were determined from previous studies suggesting that intra-NAc roscovitine injection influences locomotor activity Massart et al. 2015) . This injection scheme was maintained for 5 days. On the 'baseline' and first and fifth day of continuous vehicle or roscovitine injection, running distance (km) was recorded in 30 min increments up to 120 min post-injection. Injections took place immediately prior to the onset of the dark cycle. We chose this timeframe because running patterns are more homogeneous during this period compared to later time periods. Unpublished observations (GN Ruegsegger, RG Toedebusch, TE Childs, KB Grigsby & FW Booth) suggest that rats immediately begin voluntary wheel running upon the start of the dark cycle compared to an intermittent and random running pattern later in the dark cycle.
To perform the injections, rats were gently hand-restrained for 90 s and 10 mm Hamilton syringes were mounted to an infusion pump (Harvard Apparatus, Holliston, MA, USA). Next, 12.5 mm, 30 gauge injector cannulae were connected to Hamilton syringes with PE-10 
. NAc roscovitine injection
A, overview of the study design for intra-NAc vehicle or roscovitine injection. The schematic illustration of ascending distances of voluntary running to the peak fourth night mimics the 4-day running cycles of female rats employed in the experiment. Rats were introduced to running wheels at 10 weeks of age, had cannulae surgically implanted bilaterally in the NAc core at 13 weeks of age, and began the injection protocol at ß14 weeks of age (wheel running was monitored for 8 days post-surgery to ensure that surgery did not disrupt running pattern). Baseline vehicle (VEH) injection was performed in all rats. Rats were then randomly administered VEH, 40 nmol roscovitine or 80 nmol roscovitine for 5 continuous days ß10-15 min before the beginning of the dark cycle. Running distance was monitored for 120-min post-injection for the baseline injection and on the first and fifth night of VEH or roscovitine injection. B, coronal section of rat brain, in accordance with a rat brain atlas (Paxinos & Watson, 1998) , which shows the cannulae location as determined by cresyl violet staining (with the position of each section given in mm relative to Bregma). Black dots indicate the location of injector tips.
J Physiol 595.1 tubing that were used to deliver vehicle or roscovitine at a rate of 0.32 μl min −1 . The injectors remained in place for 60 s after completion of injection to ensure that vehicle/drug was properly infused and, upon completion of the injections, rats were returned to their home cages to monitor nightly wheel running.
Verification of cannulae placement
The methods of Parker et al. (2010) were used to determine cannulae placement. In brief, sections containing tracks from injectors were mounted on charged microscope slides, stained with cresyl violet, and examined using a light microscope to determine whether correct cannulae placement had been made. The endpoint of each injector was mapped on a rat brain atlas (Paxinos & Watson, 1998) as presented in Fig. 2B .
Statistical analysis
All analytical procedures were performed using SigmaPlot, version 12.0 (Systat Software, Inc., Chicago, IL, USA). All values are reported as the mean ± SE. Significance for all analyses was set with an α value of 0.05. Student's t test was used to assess between group differences in mRNA expression. Statistical analyses on band densities and dendritic spine measurements were conducted using a two-way ANOVA [Age (8 vs. 14 weeks) × Treatment (Sed vs. Wheel)] with Holm-Sidak post hoc analyses when appropriate. One-way repeated-measures ANOVA was used to assess age-related changes in wheel running. Two-way repeated-measures ANOVA using treatment and time as the repeated variables followed by Holm-Sidak post hoc analyses, when necessary, was used to assess the influence of roscovitine on running distance, and percentage running distance compared to baseline injection. Deviations from these statistical analyses are reported when appropriate.
Results
Voluntary wheel running peaks at 8 weeks of age
One-way repeated-measures ANOVA showed a significant effect of age on running distance (F 8,46 = 14.14, P < 0.001) (Fig. 3A) . Post hoc analysis revealed running distance was lower at 6 and 7 weeks (P < 0.001), and at 12, 13 and 14 weeks of age (P < 0.05), compared to 8 weeks. Similar results were obtained for running time (F 8,46 = 22.95, P < 0.001) (Fig. 3B) . Repeated-measures ANOVA also showed a significant effect of running velocity (F 8,46 = 4.21, P < 0.001); however, post hoc analysis revealed differences in velocity from 8 weeks only at 6 weeks (P < 0.01) (Fig. 3C) .
Characterization of RNA-seq data from 8-and 14-week-old wheel running rats A summary of the total number of reads as well as the percentage of reads aligned to the reference genome is presented in Table 2 . We observed a high correlation (r = 0.995) between RPKM values from an individual rat vs. the mean RPKM values from all 12 rats assessed, demonstrating a high reliability of transcript detection using our RNA-seq methods (Fig. 1B) . High enrichment of glutamic acid decarboxylase 1 (Gad1) and Gad2 transcripts (RPKM, log 2 values of 7-8) has been associated with NAc MSNs following laser capture microdissection (Chen et al. 2011) . Our data showed high enrichment, based on RPKM values, of Gad1 and Gad2, suggesting that NAc MSNs were present in our assayed brain tissue ( Fig. 1C  and D) . Additionally, differently expressed transcripts of interest were confirmed by qRT-PCR (Table 3) According to Chen et al. (2011) , 20-30 million total reads per sample in the nucleus accumbens are sufficient to provide gene expression data that correlate well with microarray and qRT-PCR data. To ensure uniform tiling across the reference genome, tiled reads from each sample were analysed using NextGENe, version 2.4 (SoftGenetics, State College, PA, USA). * RPKM >0 in all animals within each group, as performed by Song et al. (2012) . 619 NAc mRNAs were differentially expressed between 8-and 14-week-old wheel running rats, of which 263 were up-regulated at 8 weeks and 356 down-regulated at 8 weeks (Fig. 1A) . Of these mRNAs, the top 10 upand down-regulated at 8 weeks/14 weeks are presented in Table 4 . Of these transcripts, Znf238 (Diotel et al. 2015) , Birc5 (Survivin) (Jiang et al. 2005) , Tnfaip6 (Bhattacherjee et al. 2007 ) and Vamp7 (Bal et al. 2013 ) have been associated with adult neurogenesis, brain regeneration, neural repair, survival and development, and neurotransmission. Transcripts meeting our filtering criteria and strongly positively or negatively correlated (r > ±0.70) with running distance during the week of death are presented in Table 5 . Of note, the top positively correlated transcripts, Cadm2 and Cadm4, and other cell adhesion molecule family proteins, are associated with synaptic plasticity and motivation-based behaviours (Biederer et al. 2002; Robbins et al. 2010) , Fa2h is essential for proper spatial learning, memory and myelination (Potter et al. 2011) , and Vamp7, which also strongly up-regulated at 8 weeks, directs synaptic transmission (Bal et al. 2013) .
Bioinformatics reveals up-regulation of networks pertaining to nervous system function in 8-vs. 14-week-old running rats IPA was used to examine pathways and networks different between 8-and 14-week-old running rats. Of the top associated gene networks defined by IPA, the following networks were up-regulated at 8 vs 14 weeks: (i) 'nervous system and function, organ morphology, and organismal development' and (ii) 'cellular assembly and organization, nervous system development and function, and tissue morphology' (Fig. 4) . IPA analysis of the top scoring physiological system functions also revealed up-regulation of functions pertaining to nervous system function, as well as CREB and cAMP signalling, at 8 vs. 14 weeks (Table 6 ). Enrichment analysis of GO categories also revealed an up-regulation of functions related to nervous system function and synaptic transmission.
Cadm4 and Cdk5-associating molecules inherently decrease from 8 weeks to 14 weeks and are correlated with running Following the aforementioned IPA and GO analysis, we analysed our RNA-seq data for mRNAs that (i) associate with the IPA and GO predicted up-regulated networks and (ii) have been previously associated with a low voluntary running phenotype (Roberts et al. 2014) . In doing so, we identified Cadm4 as a transcript differentially expressed between 8-and 14-week-old running rats (P < 0.01) (Fig. 5A ) that (i) associates with the predicted up-regulated networks and (ii) whose expression in the NAc is intrinsically greater, and correlated with running behaviour, in rats selectively bred for high vs. low voluntary running (Roberts et al. 2014) . Follow-up qRT-PCR between sedentary 8-and 14-week rats revealed that Cadm4 mRNA expression decreases from 8 weeks to 14 weeks of age independent of wheel running (P = 0.026) (Fig. 5B) . Cadm4 mRNA was also highly correlated J Physiol 595.1 These transcripts were the top ten up-and down-regulated NAc transcripts from the 619 transcripts that were differentially expressed between animals killed at 8 and 14 weeks of age. Run distance r value is the Pearson correlation coefficient between distance ran in the 8-and 14-week-old rats vs. the RPKM value of each gene.
with wheel running distance (r = 0.84, P < 0.001) (Fig. 5C ). Additionally, western blot analysis confirmed that Cadm4 protein was increased at 8 vs. 14 weeks, independent of wheel running (F 1,24 = 12.10, P < 0.01) (Fig. 5D ).
Other studies suggest that Cdk5 is a downstream regulator of Cadm signalling pathways and promotes synaptic formation and specialization (Samuels et al. 2007; Lai & Ip, 2009) . Given the role of Cdk5 in modifying cocaine-induced locomotor activity ), we next assessed other transcripts potentially critical for Cdk5 function. Of these transcripts, mRNA expression of the Cdk5 regulatory subunit Cdk5r2 (p39) was decreased in 8-vs. 14-week-old wheel running (P < 0.01) (Fig. 6A ) and sedentary (P < 0.01) (Fig. 6B) rats. p39 mRNA was also strongly correlated with running distance (r = 0.71, P < 0.01) (Fig. 6C) . Follow-up western blot analysis revealed an age-dependent decrease in p39 protein from 8 weeks to 14 weeks that was independent of wheel running (F 1,24 = 9.54, P < 0.01) (Fig. 6D) . Assessment of a homologous Cdk5 regulatory subunit Cdk5r1 (p35) by western blotting revealed no differences in p35 between 8 and 14 weeks (F 1,24 = 0.052, P = 0.81) or by wheel status (F 1,24 = 0.25, P = 0.62) (Fig. 6E) . However, western blotting showed an increase in p25 (the cleavage product of p35) in wheel running vs. sedentary rats (F 1,24 = 20.98, P < 0.01) suggesting increased Cdk5 activity with wheel running (Fig. 6F) .
Finally, analysis of Cdk5 mRNA expression revealed a decrease between 8-and 14-week wheel running (P < 0.05) but not sedentary rats (P = 0.34) (Fig. 6G and  H) . Cdk5 mRNA was also significantly correlated with wheel running distance (r = 0.58, P = 0.047) (Fig. 6I) . Together, these results suggest that there is an age-related decline in select molecules controlling Cdk5 function, therefore possibly influencing/modulating wheel running These transcripts were the top ten positively and negatively correlated NAc transcripts from the 619 transcripts that were differentially expressed between animals killed at 8 and 14 weeks of age. Run distance r value and P value determined Pearson correlation coefficient between distance ran in the 8-and 14-week-old rats vs. the RPKM value of each gene.
behaviour, and that Cdk5 function may be enhanced by, and/or possibly regulate, wheel running, as hypothesized previously (Werme et al. 2002) .
Neuronal maturation and dendritic density
Given the resultant IPA and GO gene networks and functions, we hypothesized that a decrease in MSN number may be associated with the decrease in wheel running observed between 8 and 14 weeks. Darpp-32 protein is predominantly expressed in differentiated striatal MSNs, comprising 95% of neurons in the NAc (Arlotta et al. 2008 ), which we used as a marker of NAc MSN content in the present study. Western blotting showed no differences in the levels of Darpp-32 protein in 8-vs. 14-week-old rats (F 1,24 = 1.48, P = 0.24) or in wheel vs. sedentary rats (F 1,24 = 0.06, P = 0.81) (Fig. 7A) . Additionally, we hypothesized that decreases in dendritic spine density were associated with age-related declines in wheel running. Assessment of NAc MSNs showed that the total number of dendritic spines was greater at 8 weeks compared to 14 weeks (F 1,282 = 24.28, P < 0.001) and was increased by wheel running (F 1,282 = 51.12, P < 0.001) (Fig. 7B) . We also observed a trend for an age × wheel status interaction (F 1,282 = 3.48, P = 0.063). No differences in dendritic spine density where observed between NAc subregions (data not shown). Post hoc analysis found a modest, but significant, decrease in dendritic spine density in sedentary rats from 8 to 14 weeks, suggesting that dendritic spine density in the NAc inherently decreases from 8 to 14 weeks of age (P = 0.031). Analysis of spine type composition showed that wheel running reduced the percentage of stubby spines (F 1,282 = 5.94, P = 0.015) at the same time as tending to increase the percentage of thin spines (F 1,282 = 3.84, P = 0.051) (Fig. 7C) .
Intra-NAc roscovitine injection decreases voluntary wheel running
Total running distance was significantly reduced following intra-NAc infusion of roscovitine at 40 nmol/0.5 μl (F 2,42 = 4.93, P = 0.024) and 80 nmol/0.5 μl (F 2,48 = 19.41, P > 0.001) (Fig. 8A and C) . Post hoc analysis revealed total running over the 120 min test session was decreased compared to baseline after 40 and 80 nmol roscovitine J Physiol 595.1 Figure 4 . Top IPA generated networks up-regulated in 8-vs. 14-week old wheel running rats Top associated networks as defined by IPA for NAc mRNAs differently expressed in 8-and 14-week-old wheel running rats included (A) 'nervous system and function, organ morphology, and organismal development' (Focus molecules: 24/35; Score: 35) and (B) 'cellular assembly and organization, nervous system development and function, and tissue morphology' (Focus molecules: 23/35; Score: 35). Nodes represent genes/molecules. Shading is proportional to fold change size (red, up-regulated; green, down-regulated). Direct and indirect relationships are denoted with solid and dashed lines, respectively. White nodes denote network members that were not altered in the network. Lines ending in an arrow or blunt end indicate the known direction of molecular activation or inhibition, respectively. Top cellular components GO:0044459-plasma membrane part 62 1.9 × 10 -5 5.1 × 10 -3 GO:0045202-synapse 18 8.9 × 10 -5 7.9 × 10 -3 GO:0030054-cell junction 22 1.4 × 10 -4 9.6 × 10 -3
Top molecular functions GO:0000287-magnesium ion binding 17 4.4 × 10 -3 8.9 × 10 -1 GO:0046873-metal ion transmembrane transporter activity 13 1.0 × 10 -2 9.2 × 10 -1 GO:0009055-electron carrier activity 10 1.2 × 10 -2 8.6 × 10 -1
For IPA generated data, the Z score is used to reflect the predicted activation state of a given network or pathway. For GO generated data, the far right column displays Q values. For GO terms, only terms inclusive of at least 10 molecules per function were included in for analysis. NA, not applicable.
on both days 1 and 5 of drug injection (P < 0.05). Additionally, following 80 nmol roscovitine injection, running distance was decreased in each 30 min interval recorded during the 120 min trial on both days 1 and 5 (P < 0.05) (Fig. 8A) . A repeated-measures ANOVA examining of the effect of roscovitine on percentage change in running distance from baseline showed significant decreases in running after 40 nmol (F 2,41 = 5.58, P = 0.016) and 80 nmol roscovitine (F 2,46 = 37.07, P < 0.001) after the exclusion of two outlier points (> ± 2 SD) (Fig. 8B) . Post hoc analysis revealed decreased percentage running at 0-30 and 30-60 min post-injection following 40 nmol infusion on days 1 and 5, respectively (P < 0.05). Similarly, following 80 nmol roscovitine injection, percentage running from baseline was decreased in each 30 min interval recorded during the 120 min trial on both days 1 and 5 (P < 0.05).
Discussion
In the present study, our two aims were: (i) to analyse molecular transducers in the NAc that may initiate and are associated with decreases in voluntary wheel running in young rats and (ii) to assess how the inhibition of Cdk5, a molecule highlighted in our first aim, impacts wheel running behaviour. We report that decreasing levels of voluntary wheel running between 8 and 14 weeks are associated with declines in (i) MSN dendritic spine density and (ii) gene networks critical for synaptic communication and neuron development, and also that (iii) several transcripts central to these functions are highly correlated with wheel running distance. Additionally, declines in key mRNAs and proteins related to the above functions and dendritic spine density were observed in analysis in age-matched sedentary rats, suggesting decrements in these functions may be the result age, rather than from the reduction in physical activity. Finally, pharmacological J Physiol 595.1 inhibition of Cdk5, a molecule central to some of the functions described above, dose-dependently decreased wheel running. Taken together, these findings suggest, for the first time, that decreases in molecules associated with Cdk5 function in the NAc may regulate the initial decrease in wheel running behaviour that begins after 8 weeks of age.
Human physical inactivity is strongly association with increased chronic disease and mortality later in life . Surprisingly, few studies, to our knowledge, have investigated any of the underlying biological mechanisms occurring during youth that may account for early reductions in physical activity. Furthermore, effective public health-related strategies to combat physical inactivity are relatively non-existent. Intriguingly, our observation that wheel running is greatest at 8 weeks of age in female, Wistar rats matches our previous publications in male rats given wheel access at 4, rather than 6 weeks of age, suggesting that inherent changes at 8 weeks mediate running behaviour in both males and females (Ruegsegger et al. 2016 ).
Factors associated with MSN structure are associated with age-dependent reductions in voluntary wheel running
Relationships between enhanced striatal MSN architecture and wheel running behaviour have been previously established (Roberts et al. 2014) . In the present study, bioinformatics using IPA and GO revealed extensive up-regulation of gene networks with functions in neuron development, dendritic spine density, and cAMP signalling in 8-vs. 14-week-old wheel running rats; however, these results could represent alterations to reduced levels of wheel running, rather than age-induced adaptations. The extensive up-regulation of mRNAs which have nervous system function included ß22% of all transcripts meeting our bioinformatics-filtering criteria. Additionally, several of the top up-regulated mRNAs at 8 weeks have functions specific to nervous system function, as described in the results. Similarly, one transcript only expressed at 8 weeks, Arhgef7, has been implicated in the assembly of functional synapses (Zhang et al. 2003; Zhang et al. 2005) , further . Cadm4 mRNA and protein are up-regulated at 8-vs. 14-weeks of age independent of wheel running Cadm4 mRNA is up-regulated at 8 vs. 14 weeks of age in wheel running (A) and sedentary (B) rats. Note the units in (A) and (B) differ as a result of (A) being determined by RNA-seq and (B) by qRT-PCR. Cadm4 mRNA is strongly correlated with running distance during the final week of the study (C). Similarly, Cadm4 protein decreases from 8 to 14 weeks of age independent of wheel running (data normalized to the 8-week-old wheel running group) (D). * P < 0.05, * * P < 0.01, * * * P < 0.001. . Cdk5-associated mRNA and protein differences in 8-vs. 14-week old wheel running and sedentary rats Cdk5r2 (p39) mRNA is higher at 8 vs. 14 weeks of age in wheel running (A) and sedentary (B) rats. Note the units in (A) and (B) differ as a result of (A) being determined by RNA-seq and (B) by qRT-PCR. p39 mRNA is strongly correlated with running distance during the final week of the study (C). Similarly, p39 protein decreases from 8 to 14 weeks of age independent of wheel running (data normalized to the 8-week-old wheel running group) (D). Wheel running and age had no effect on Cdk5r1 (p35) protein level (E); however, wheel running increased protein expression of the p35 cleavage product p25 (F). Cdk5 mRNA was modestly but significantly greater in 8-vs. 14-week-old wheel running rats (G) but was not different between 8-and 14-week-old sedentary rats (H). Cdk5 mRNA was significantly correlated with running distance during the final week of the study (I). * P < 0.05, * * P < 0.01, * * * P < 0.001.
suggesting neural plasticity and function is higher in 8-compared to 14-week-old wheel running rats (data not shown). These findings are similar to those of a previous study by Roberts et al. (2014) , who reported that high intrinsic levels of mRNAs indicative of increased neuronal maturation and synaptic function in the NAc are associated with high voluntary running distances. Thus, assuming that NAc mRNA expression is an indicator of molecular transducers that are associated with voluntary wheel running behaviour, we posit that these identified transcripts provide candidates that may 'predict' running behaviour, and therefore begin to offer a neuromolecular basis for declining physical activity seen between 8 and 14 weeks of age. The above led us to identify molecules located at the synapse. Specifically, cell adhesion molecule 4 (Cadm4) and Cadm2 were identified as being higher at 8 vs.
14 weeks, and they had positive, strong correlations between their transcript levels and running distance. Cadm4 has been shown to promote synaptogenesis (Tanabe et al. 2013) and Cadm4 can drive the assembly of glutamatergic synapses (Biederer et al. 2002) . Lower levels of Cadm4 protein were previously associated with a low voluntary running phenotype (Roberts et al. 2014) . Importantly, the overexpression of the Cadm family member Cadm1 in mice promotes an increase in excitatory synapse number and synaptic plasticity, whereas loss of Cadm1 results in fewer excitatory synapses (Robbins et al. 2010) . Therefore, given that synapse formation within the NAc has been attributed to addictive-like behaviours (Russo et al. 2010) , we posit that the ß20% decreases in Cadm4 mRNA and protein levels could decrease the formation of specific synapses between NAc neurons and other brain regions (e.g. the ventral tegmental area, . Dendritic spine density is increased in 8-vs. 14-week old wheel running and sedentary rats A, Darrp-32 protein was not different between any of the four experimental groups assessed. B, analysis of dendritic spine density showed that wheel running increased spine density, whereas increases in age from 8 to 14 weeks were associated with a decrease in dendritic spine density. C, analysis of spine type showed that wheel running decreased the percentage of stubby spines and tended to increase the percentage of thin spins. D, representative images for the four experimental groups assessed. Scale bar = 5 µM. * P < 0.05, * * P < 0.01, * * * P < 0.001.
prefrontal cortex and hippocampus); an effect that may influence the reduced running behaviour observed in 14-week-old rats. Furthermore, this decrease in Cadm4 mRNA and protein appears to be independent of running, and provides a potential mechanism by which age may influence the decline in wheel running between 8 and 14 weeks. Although a major limitation of the present study is the lack of RNA-seq on age-matched sedentary rats, the decrease in Cadm4 mRNA by qRT-PCR in the sedentary group supports a hypothesis that similar decreases in mRNAs related to synaptic function and neural plasticity decrease independent of wheel running occur between 8 and 14 weeks of age; however, this remains to be assessed in future studies. Previous reports suggesting that Cadm proteins regulate Cdk5 signalling pathways led us to assess Cdk5 mRNA expression in 8-and 14-week-old wheel running and sedentary rats (Samuels et al. 2007; Lai & Ip, 2009 ). However, the results for Cdk5 were not completely confirmatory. Although we observed a correlation between Cdk5 mRNA and running distance in NAc, Cdk5 mRNA was only lower at 14 weeks of age, compared to 8 weeks of age, in the voluntary wheel running group. In addition, literature indicates that Cdk5 protein without its co-factors does not exhibit enzyme activity. Cdk5 co-factors Cdk5r2 (p39) (Cai et al. 1997) and Cdk5r1 (p35) (Lew et al. 1994; Tsai et al. 1994 ) are indispensable for Cdk5 activity. They have been shown to have similar affinity and ability to activate Cdk5 (Tang et al. 1995) . One of these, Cdk5r2 (p39) was decreased at 14 weeks, compared to 8 weeks, with respect to both its mRNA and protein levels, independent of wheel running. In addition, p39 in the wheel running group was strongly positively correlated with running distance. Concerning the other Cdk5 co-factor, no differences were noted for p35. However, wheel running increased protein expression of its cleavage product p25, suggesting that wheel running increases p35 activity. Immunohistochemical localization analysis suggests that p39 and p35 could have different functional roles in regulating Cdk5 activity, particularly in the basal ganglia (Honjyo et al. 1999) . Furthermore, Wu et al. (2000) demonstrated that Cdk5 activity is ß40% less in the striatum at 6 months compared to 3 months age despite no difference in Cdk5 protein level, and this decrease was attributed to decrements in p35 and p39 expression. Together with data from the present study, (±2 SD) were removed from this analysis (not shown). C, total running distance over the 120 min test session for the baseline injection and for the first and fifth night of vehicle or drug injection. All data were analysed with repeated-measures ANOVA. * P < 0.05, * * P < 0.01, * * * P < 0.001.
J Physiol 595.1 these findings suggest the notion that the age-dependent declines in p39 in the striatum may drive age-related declines in Cdk5 activity. To provisionally summarize the above, the finding that p39 is decreased by age is particularly interesting given that Cdk5 was hypothesized to mediate increases in running behaviour associated with increased expression of its transcription factor FosB. Wheel running increases FosB expression, probably increasing Cdk5 activity (Werme et al. 2002) . Thus, it is possible that p39 influences age-related changes in Cdk5 activity, whereas p35/25 influences exercise-induced changes in Cdk5 activity. Finally, although Cadm and other synaptic proteins, as well as p39 and/or p35, probably influence Cdk5 signalling by independent mechanisms, taken together, these findings highlight the possibility of Cdk5 representing a promising target molecule in the regulation of age-related declines in voluntary physical activity.
Dendritic spine density in MSNs was measured to assess whether structural differences could begin to explain the aforementioned gene and network differences. Intriguingly, we observed significant increases in spine density with wheel running. To our knowledge, the present study is the first to show increases in dendritic spines in the NAc in response to wheel running. A precedence for increased spine density exists. Wheel running has been shown to increase dendritic spine density in the hippocampus (Stranahan et al. 2007; Stranahan et al. 2009 ). Taken together with the findings of the present study, this justifies an assessment of how physical activity influences dendritic density in additional brain regions. Other studies have shown that increases in dendritic spine density in dopaminoceptive NAc MSNs are associated with long lasting addictive behaviours, and increases in dendritic spine density in the NAc have been observed in response to cocaine (Norrholm et al. 2003; Lee et al. 2006) .
We also observed subtle changes in dendritic spine composition following wheel running. Wheel access tended to increase, and to significantly decrease the percentage of thin and stubby dendritic spines, respectively. Although comprising a non-significant trend (P = 0.051), the increase in thin spines following wheel running is intriguing given their important functions in excitatory synaptic activity and in dictating rapid responses to the changes imposed by salient stimuli (Bourne & Harris, 2007) . Similarly, LaPlant et al. (2010) demonstrated that chronic cocaine use increased the percentage of thin spines in the NAc. Hence, wheel running produces alterations in the quality of dendritic spine density in the NAc in a manner similar to that for better-characterized addictive behaviours.
We also observed significant reductions in dendritic spine density in 14-vs. 8-week-old sedentary rats. Anderson (1982) observed higher dendritic densities in the medial preoptic area of the hypothalamus, at 55 days (ß8 weeks of age) compared to 75 days (ß11 weeks of age) in rats. Similar to the NAc, the medial preoptic area of the hypothalamus is highly responsive to dopamine (Hull et al. 1995) . Likewise, a recent study by Madison et al. (2012) reported a ß20% reduction in dendritic spine density in the MSNs for 13-to 16-week-old mice, further supporting the plasticity of the MSNs at relatively young ages.
Cdk5 has been implicated in many biochemical processes that influence structural and functional changes in synaptic plasticity (Cheung et al. 2006) . Injection of the Cdk5 inhibitor roscovitine into the NAc reduces dendritic spine density in the NAc (Norrholm et al. 2003) , further highlighting Cdk5 as a candidate target that could mediate age-dependent reductions physical activity. These differences in dendritic density in the present study were independent of differences in the amount of mature NAc MSNs, as assessed by Darpp-32 western blotting. However, the ß8% drop in Darpp-32 protein between 8 and 14 weeks is comparable to the 5-10% rate of decline in the number of dopaminergic neurons in the NAc and striatum per decade in humans (Naoi & Maruyama, 1999) .
Cdk5 inhibition dose-dependently decreases wheel running
To expound upon the data generated in the first experiments, we tested our notion that pharmacological inhibition of Cdk5 in the NAc core would decrease voluntary running. To our knowledge, this is the first study to observe a dose-response decrease in wheel running following infusion of the Cdk5 inhibitor roscovitine into the NAc core. The novel response to roscovitine presents important evidence that Cdk5 function in the NAc core is at least partially necessary for chronic adaptations that influence the motivation for voluntary wheel running; however, voluntary wheel running is probably under polygenic control. This observation also extends our findings from the first experiment by potentially localizing a site of action for these changes to the NAc core. Taken together, the above findings add to the growing body of literature suggesting that Cdk5 activity in the NAc may be an important modulator of reward-related behaviours, as well as highlight the neurochemical parallels between wheel running behaviour and drug addiction.
Dopamine neurotransmission is important to multiple reward-related processes in addition to those involved in drug addiction. In the striatum, Cdk5 controls dopamine neurotransmission through the regulation of the presynaptic components of dopamine synthesis and release (Chergui et al. 2004; Kansy et al. 2004; Moy & Tsai, 2004 ) and Cdk5 appears to interface dopamine signalling with several downstream targets considered to mediate reward-related behaviour including PKA and DARPP-32 (Bibb, 2003) . Several studies have shown that both agonism and antagonism of dopamine signalling in the NAc reduces voluntary wheel running (Knab et al. 2012; Roberts et al. 2012) . Cdk5 is a natural, negative-regulator of dopamine signal transduction (Bibb et al. 1999) . Rats find voluntary wheel running rewarding (Brene et al. 2007 ) and the inhibition of Cdk5 could promote a 'substitution of reward' by replacing the reward derived through wheel running with the reward derived through potential increases in dopamine signalling. Similarly, drug intake studies blocking mesolimbic dopamine receptors have shown increased nicotine and cocaine intake (Corrigall & Coen, 1991; Arnold & Roberts, 1997) , which suggests that decreasing NAc dopamine may promote reward-seeking behaviour and vice versa. Importantly, reductions in running following roscovitine infusion occurred on the both the first and fifth night of injection. Acute roscovitine treatment evokes dopamine release (Chergui et al. 2004) , suggesting that roscovitine-induced alterations in dopamine may decrease wheel running via hedonic substitution, rather than Cdk5-induced plasticity. The notion that Cdk5 influences wheel running by altering dopamine action is also similar to findings suggesting that Cdk5 inhibition in the NAc enhances the behavioural responses to cocaine in a manner dependent of dopamine signalling in the NAc Taylor et al. 2007) . Interestingly, although behavioural responses to drugs of abuse are often enhanced following roscovitine treatment, we observed a reduction in wheel running behaviour, suggesting that the neuromolecular mechanisms controlling voluntary wheel running and behavioural responses to drugs of abuse are similar but not identical.
Our finding that Cdk5 inhibition decreases wheel running also extends previous research by Werme et al. (2002) , who show that FobB overexpression in dynorphin neurons in the striatum increases the wheel running distance, to suggest that Cdk5, a FobB target gene, may mediate the influences of FobB on wheel running. Additionally, when extending these results to age-related changes, the considerable decreases between 7 and 14 weeks of age in cAMP production in the NAc and striatum parallel the declines in locomotor activity (Andersen, 2002) , further suggesting that decreases in PKA-cAMP signalling between 8 and 14 weeks may influence wheel running. Our results are also in agreement with the analysis by Benavides et al. (2007) who used Cdk5 conditional knockout mice to show that, after acquisition of running behaviour, Cdk5 conditional knockout mice displayed dramatically reduced steady-state levels of voluntary wheel running compared to controls. Our findings extend such findings to suggest that the loss of Cdk5 activity, as well as expression, mediates running behaviour; however, further work is needed to identify more precisely how changes in Cdk5 activity/expression alter voluntary wheel running.
Our use of the Cdk5 inhibitor roscovitine is limited by the possibility of non-specific pharmacological effects and its inability to localize the effects of Cdk5 inhibition to either presynaptic or postsynaptic compartments. An additional limitation is that inhibition of Cdk5 catalytic activity may not affect the described structural or activity independent roles of the protein .
Conclusions
In the present study, we show that age-related decreases in Cadm4, p39 and MSN dendritic density are associated with age-related decreases in voluntary running, and that repeated infusion of the Cdk5 inhibitor roscovitine decreases wheel running. Our data provide guidance for future investigations aiming to determine how synaptic plasticity, dopaminergic signalling and Cdk5 function in the NAc impact voluntary wheel running. Given the epidemic levels of physical inactivity, significant efforts should be taken to unravel the neuromolecular mechanisms underlying the biological motivation for voluntary physical activity.
